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Dark state in ruby: Analysis of the feasibility
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Bichromatic excitation of théR; line in ruby at liquid-helium temperature is considered. The frequency
difference of the spectral components of the driving field is resonant with the energy gap between the anti-
crossed spin sublevels 1/2 and+3/2 in the ground statéA,. The condition of the spin coherence trapping
in the nonabsorbing state is analyzed. Population trapping is revealed in the reduced spontaneous emission
from the excited state and in large spin magnetization of the ground stitep@rcessing with the frequency
difference of the spectral components of the driving field. This magnetization can be detected by a pickup coil.
The lifetime of the induced magnetization is strongly dependent on the ratio of the lifetime of the excited state
E and the spin coherence decay tine, Xs pin -

PACS numbg(s): 42.50.Md, 42.50.Gy, 32.80.Bx, 33.80.Be

[. INTRODUCTION capable of reducing the coherence decay. For example, ap-
preciable coherent optical pumping of the resonant transi-
While the resonant excitation of the two-level system hagions in PF*:LaF; and ruby reduces the homogeneous
been studied comprehensively, the dynamics and kinetics afephasing to the limit of the natural broadenifidd—12.
the three-level excitation are not obvious and disclose som&hese effects are similar to the motional narrowfig] and
features that are hard to explain within the pseudospin vectasne can find their explanation, for example [i#—23 (the
model or by the Bloch-vector modgl]. One of these ex- list is not exhaustive The crucial point of most of these
amples is population trapping that was observed in sodiuntheories is that the field-driven impurity undergoes a fast
vapor[2-4]. Bichromatic excitation with a frequency differ- Rabi oscillation between resonant levels that averages out
ence matching the hyperfine splitting of ground-state sodiunthe hyperfine interaction of the impurity with neighbors re-
is quenched due to the accumulation of all the atoms in s&ponsible for the coherence dephasing.
particular superposition of the ground sublevigdss]. This Suppression of the dephasing was studied by free-
effect takes place if two key conditions are satisfied. Firstinduction decay, following a long pulse excitatipf—11],
the excitation to the upper state must start from the two dif-and by a pump-probe sequence with the probe measuring the
ferent sublevels of the ground state, i.e., the splitting andvidth of the hole burnt by the pump pul$&2]. The hole
consequent interference of the quantum transition paths aMéidth measured in both kinds of experiments was much nar-
to be present. Second, the lifetime of the sublevels coherendéwer than that predicted by the optical Bloch equations
is to be longer than the lifetime of the excited state. The(OBE). This anomaly in the saturation of the absorption line
former condition creates this coherence and provides its sévidth is easy to explain by assuming that the coherence
lective phase-sensitive excitation. The latter condition allowslephasing has decreased. In fact, according to the OBE, in
the population of the dark state by spontaneous emissiof€ strong saturation limity®T,T,>1, wherey is Rabi fre-
from the excited state if it is fast enough to compete with thequency,T; andT, are the relaxation times of the population
coherence decay rate. The dark state has a particular phadiéference and of the coherence, respectiyée half-width
satisfying the condition of destructive interference for theat half maximum(HWHM) of the hole is close tv\T,/T,
transition paths starting from these sublevels. Therefore, thigl,10]. Since the ratidTl; /T, is usually large for solids, the
state does not interact with the driving field. HWHM of the hole must be much larger than the Rabi fre-
In this paper, we analyze the possibility of creating thequency. However, experiments show a much narrower hole
dark state in solids with paramagnetic impurities. While thewith HWHM ~ y. As 1/T,=1/(2T,)+ ¢, , wherel'y,, is
transition splitting(branching is easy to find for many im- a contribution of the environment to the coherence dephasing
purities, the condition on the lifetime of the excited state ancandI’¢,,>1/T;, one can assume that a strong excitation de-
the relaxation time of the ground-state sublevels coherenceouples the impurity from this environment and the value
seems harder to satisfy. Many optical transitions of paramagF ., tends to zero at high excitation.
netic impurities have long-lived excited states and strong In these experiments, the influence of the field noise
contributions to the coherence dephasing coming from thg24,25 and the field enhancement of the dipole-dipole inter-
crystal phonons or spin-spin interactions with the nearesaction with nonresonant ioni24,26 are present. Both ef-
neighbors in the host crystal. The phonon contribution can béects also result in the anomalous free-induction decay and
eliminated by cooling the sample down to liquid-helium tem-hole burning because they contribute equally to tHg &hd
perature. The spin-spin interactions can be reduced by &/T, relaxation processes. If their contributidfy,i,en IS
strong microwave excitatiofi7—9]. Laser excitation is also dominant ( yi,en>1/T1,1/T5,), then the hole also narrows.
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Consequently, the motional narrowing may turn out to be a Energy

questionable explanation of the experimeiits12. )
From this viewpoint, new experiments sensitive to the -

motional narrowing and not affected favorably by the field Se=1/2 (E)

noise and enhanced dipole-dipole interaction are particularly \

interesting. In this context, the population trapping in the T |-1/2)

dark state is the best way to verify the motional narrowing

hypothesis because the dark state is populated by spontan

ous emission from the excited state and can be affected b

the field noise and the enhanced dipole-dipole interaction 03

only destructively in contrast to the free-induction decay and

hole burning. The negative effect of the field noise and en-

hanced dipole-dipole interaction on the population trapping |+3/2)

in the dark state is due to the fact that both processes con

tribute to the decay of the coherence related to the dark-stat 4 |[+1/2)

existence. |£1/2)
In Sec. ll, we consider the excitation scheme of ruby ap- (‘A

propriate for the population trapping. Section Il presents the Sc=3/2

master equations for the selected scheme. Dynamical evolu |-1/2)

tion of the chromium impurity under the bichromatic excita- £3/2)

tion is considered in Sec. IV. The evolution of the nonreso-

nant impurities is studied in Sec. V. The calculation of the

spin magnetization induced by the bichromatic pumping is

presented in Sec. VI. The steady-state analysis providing the

condition of population trapping in the stationary state is

presented in Sec. VII. The kinetic stage of the spin coherence

evolution is discussed in Sec. VIII.

-3/2)

0 207 414 H; &G)
Il. SPIN COHERENCE EXCITATION IN RUBY BY t }

OPTICAL PUMPING

FIG. 1. Zeeman splitting of théA, andE states of C¥* in ruby
We consider theR; line in ruby related to the optical versus the magnetic field, if H is parallel to the optical axis. The
transition from the ground statéA, to the excited state zero-field splitting D of the ground-state spin sublevels is shown
E(?E). One can find the ruby spectrum and the state notaen the left of the plot. The transition between th&, andE states
tions, for example, in Ref$27,28. The ground and excited for circularly o~ (left) polarized light, propagating along the optical
states have effective spins of 3/2 and 1/2, respectively. If @xis, is shown by the arrow.
magnetic field is applied parallel to the trigoriaptical axis

of the ruby crystal, the splittings of th&,, E energy levels 1
are linear functions of the field, as shown Fig. 1. We follow |2)= —=(|+1/2)+|+3/2)¢), (2
the Schulz-DuBois notatiof28] that identifies the ground- V2

state energy levels by quantum numberranging from

—3/2 to + 3/2 in order of increasing energy. The number

coincides with the quantum numberof the Zeeman Hamil- where |+1/2_>G |+312)¢ relate to the spin suble\{elm
tonian in the high-field limit. = +1/2 andm= + 3/2 of the ground statéA,, respectively.

In the ground state, the levai= + 3/2 crosses the levels . TheRl transition is electric-dipole, spin and parity forbid-
— — _ en in the presence of a center of symmetry. However, due
m=—1/2 andm= +1/2 at 2.07 and 4.14 kG, respectively. If 15 the crystalline field, this symmetry is broken and the tran-
the magnetic field makes a small anglewith the optical  gjiion becomes allowef27]. In the ruby lattice, a Gf im-
axis, defined as the axis for the chromium spins, these ., substitutes an Al". The crystal symmetry of ruby is
levels mix and repulse at the crossings, then avoiding theifyompohedral with the Cr impurity being surrounded almost

intersection, i.e., anticrossings take place. At the field Correbctahedrally by six nearest?0 ions producing a strong cu-

sponding to the smallest separation between the energy Iy: fie|d. In addition to the cubic field, a small trigonal field
els, the eigenvectors of the total Hamiltonian consist of equag present due to the distortion of the octahedron. The axis of
amplitudes of the unperturbed eigenvectors defined far fromy,g trigonal field is the optic axis of ruby. The hemihedral
the crossing with respect to tfeaxis. For example, at the  yar of the trigonal field mixes the parity of the states, per-
second crossing one has mitting optical transitions that would be forbidden if the ion

1 were at the center of inversion symmetry. The matrix ele-
|1)= ——=(|+1/2)g—|+3/2)c), (1) ~ ments of the dipole transitions were calculated 27] and

J2 experimentally tested if29].
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If the ruby sample is cooled to the temperature of liquidation parameters of the system, this precession may be per-
helium, a tunable laser is capable of exciting each composistent, revealing the capture of the chromium impurities in
nent of theR, line selectively by choosing proper frequency the dark state.
and polarization of the lightsee, for example, Refg30] and We consider the second crossing to be able to detect all
[11,12)). A circularly polarized laser excites the transitions components of the induced magnetization. Below, we dis-
Ip(m==32)=2E(M=+1/2) and *A,(m==1/2) cuss the conditions of this excitation to choose the most ef-

e — . fective scheme. At liquid-helium temperature, a linearly po-
—“E(m==x1/2) designated byoy(+3/2—+1/2), 03 |arized laser bearfpolarized parallel to the optical ayimay

(=1/2=—1/2), o5(+ 12— +1/2), andoy(—3/2——1/2),  pe tuned to induce preferentially the transitierl/2(*A,)
which is in the order of increasing energy at high magnetic

field 301, Th lecti les i f the indi d —>—1/2(E). However, because the transition matrix ele-
ield [30]. The selection rules in some of the indicated tran-ots are larger for the excitation by means of circularly

sitions are not apparently fulfilled in respectn_m This is  polarized light, we choose the transition [+ 1/2(*A,)

because then indicates only the main component of the —+1/2(E)], which can be also selectively excited by the
level. The electric dipole transition matrix element is notleft-hand polarized beam.
zero due to the small admixture of the state with another It was showr 33] for another system with hyperfine level

parity and obviously with anothen’ components. So, one (nuc!ear spin Ievelcro_ssing that monochromatic excitation

can say that transition takes place due to the nonzero matr§{arting from the anticrossed states is capable of creating

elements betweem andm’, where the latter is not shown giant nuclear-spm polarlzathn in the spin component that

S ' X cannot be excited by laser light of the chosen polarization

explicitly in the .Wave-'vector notation. . " (dark state¢ The crossing of the- 1/2 and— 3/2 nuclear-spin
Far from anticrossings, we can excite the transition Start[evels were considered and excitation started from the

ing from only one spin sublevel of the ground stdfer —3/2 component.

ex_ample,| +1/2)s) by choosing a proper frquency aqd PO- " |n case of ruby, one may try to create a suitable condition

larization of the laser beam. At the anticrossing of this sub+tgy the population trapping in the dark state in a similar way.

|eVe| W|th another one, the induced '[I‘ansition SplltS intO tWOChoosing' for examp|e' the excitation of the Spin Component

paths involving both mixed statéfor example|1) and|2)).  +1/2(%A,) of the state vectors, Eqgl) and (2), by a

Simultaneous excitation of two spin sublevels is capable ofy~-polarized laser beam, applied along thexis, we expect

creating the spin states coherence. For example, a laser pulgat the resonant chromium impurities will be accumulated

may induce magnetization ringing at the level repulsion fre-in the +3/2(*A,) component of the ground-state spin. The

quency, if the spectral width of the pulse is big enough tolatter cannot be excited by the applied laser beam because of

excite both transitions simultaneously. the selection rules. This component, the dark state, is the
Optically induced electron-spin magnetization was ob-superposition of the mixed states

served already, 35 years a8l]. Ultrashort light pulses

from a mode-locked ruby laser create a pulsed magnetization 1

in a ruby sample at room temperature. This magnetization |+3/2c=—=(]2)—1)). (3

was measured by a pickup coil. Excitation by linearly polar- V2

ized radiationpolarized parallel to the optical axis and ex-

citing the transitions“Az(E: B 1/2)—>2E(E: +1/2) and The fact that this dark state cannot be excited by the laser can

an i — o — be interpreted in terms of _the destructive intErference of the
Ap(m= +1/2)—"E(m=—1/2)] revealed a sharp enhance- guantum path$l)— +1/2(E) and|2)— +1/2(E). It is due

ment of the amplitude of the induced magnetization near th(i',-o the coherence of the stattk) and|2). This particular
level anticrossings. Pumping by a circularly polarized beamCoherence Eq3), is created byatwo-steb process. First, the
along the optical axis near the anticrossings even allowed f Lser excit,ation étarting from the spin Compondaﬁ.T_’L/Z) '
resolving the oscillation of the induced precessing magnetiae ooulates the coherent state G
zation [32]. The precession frequency was in good agree- Pop
ment with the level repulsion energy. Near the second anti-

crossing, the time evolution of thd,(t), M(t), andM (t) |+1/2>G:i(|1>+|2>). @)
components of the magnetization were examined separately J2

by changing the direction of the pickup coil, where tke

direction is defined by the transverse component of the magsecond, spontaneous emission from the excited state

nfatic field W.ith. resp_ect to the optical ax{defined as the +1/2(E) can be terminated at any statéy 1/2)g or
direction. Similar signals for theM,(t) component were |, 35 " hecause the direction and polarization of the emit-
also observed in the vicinity of the first anticrossing point atyo 4 photon are not defined and may be anything. Interplay of
2.07 kG. Since the anticrossing levels in this case rare hoth processes will lead eventually to the predominant popu-
=+3/2 andm=—1/2, soAm=2, detectable magnetization lation of the statg+3/2)s. This process is sensitive to the
in the transversey plane can not be expected. This waslevel repulsion frequencw,, (hw,q is the energy interval
actually the case. between the levelR?) and|1)) [33].

In this paper, we show that cw optical excitation can also To explain this point, one has to consider the spin Hamil-
induce a precessing magnetization. Depending on the relatenian of CF' in the ground state®A,. The spin-
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Hamiltonian concept was introduced to describe electron- _7 C ™

spin resonance spectra of the paramagnetic impufifidk Hett=:BH S 88H,5, ©
As a result of ligand field interaction with the neighboring

diamagnetic ions or atoms in a crystal, the ground state of §here g, = /3g, is an effectiveg factor for this spin,H,
paramagnetic ion consists of a group of electronic levels-__2(p/g,3) is the effective longitudinal component of

whose separation is a few wave numbers or less, while the magnetic field, anB, and$, are thex andz components

other electronic levels lie considerably higher. The behaquf the fictitious spin. In these notations, the valiecan be

of this group can be represented by defining an effective spif}_.. . S
S such that the total number of levels in the group & 2 aeflned as the angle between thaxis and the effective field

+1, the same as in an ordinary spin multiplet. It is further™= (Hx0H2). . )
required that the matrix elements between the various states T @21 €xceeds a certain value, the dark, nonabsorbing
determined by the full Hamiltonian that describes the systen§taté| +3/2¢ is depopulated by the spin rotation in the ef-
shall be proportional to those of the effective spin. It is thenfective field H=(H,,0H,). At the second crossing point,
possible to describe the behavior of this group of levels by £ven the magnetic field of the Earth may lead to a level
spin Hamiltonian involving just the effective spin. Therefore, repulsion frequencyw,; of ~3 MHz, which is far beyond
the use of the symbd@ for effective spin may be sometimes the limit found in[33] (where nuclear-spin states anticross-

misleading. The ground-state spin Hamiltonian of Cf35]  ings are considered and this effect is negligibklso, hy-
is perfine interaction of the chromium electron spin with the

nuclear spins of the neighborirfdAl ions creates static scat-
H=0,8H,S,+0,8H,S,— D[S~ } S(S+1)], (5) tering of the local fieldH, experienced by each €f site[9].

These local fields are static because the hyperfine interaction
whereS=3/2, H,=Hcos#, andH,=Hsin ¢ are longitudinal ~ creates a frozen core or diffusion barrier with suppressed
and transverse components of the magnetic fil@ is the ~ Spin flips of nearest nuclear-spin neighbf$§,37. Accord-
Bohr magnetong,=1.984, g,=1.987, D is a zero-field ing to [9], the local field scattering i$H,=6.5 G, which
splitting (D/h=5.736 GH3z. The second term of the Hamil- results in the inhomogeneous broadening of the electron-spin
tonian, Eq.(5), is assumed to be smdllince#<1) and we resonance line with HWHM of 18 MHz. Appreciable scat-

consider it as a perturbation. Asm=1 for the level cross- tering in theH, value spreads the anticrossings, and their
ing near 4.14 kG, the degeneracy of the crossed levels igxcitation by the monochromatic laser beam becomes inef-
removed in first order. The solution of the secular determifective.

nant yields the level repulsion energy These two hindrances for the trapping of Ciin the dark
state can be avoided by bichromatic excitation if the fre-
fi o= VAZ+ V2, (6)  quency difference) = w;— w, of the two driving fieldsw,

and w, well exceeds 18 MHz. Using a standard acousto-
A— _ v - optic modulator allows getting two frequencies from the la-
ﬂh_ere A=g;8H,~2D and V=3g,H,. The condition ser beam separated by 600 MHz. Because the induced mag-
A=0 co r_responds © the close_st approach of the levels wheRayization will rotate with the frequency differen€k of the
the splitting, Eq.(6), is determined only by théi, compo- driving fields, the choice of 600 MHz is good from the point

nent of the magnetic field and relevant eigenvectors argy yiew of the spin rotation detection by the pickup coil,
mixed according to Eqg1) and(2). Near the crossing, these gjnce for this case we are still in the RF band. Figure 2

eigenfunctions are presents the excitation of the chromium spin by a left-hand
polarized bichromatic field. To match the frequency differ-
|1>:C05<f |+ 1/2)G—sin( f)|+3/2>, ) ence() of the drivi.ng fields. tp the level repulsion frequency
2 2 w,y at exact crossing, the tilting angteof the external mag-

netic field with respect to the optic axis has to bd.72°,

] which corresponds to the transverse component of the mag-
|+ 1/2>G+C°5( E) |+3/2), 8 netic fieldH,=124.5 G, whileH, is set by the condition of
the level crossing. Assuming that the nuclear spin states of
27Al do not cross at the electron-spin states crossing &f Cr
we can neglect the contribution of the hyperfine field to the
H, component. This is reasonable, since the transverse com-
x. ponents of the nuclear spins oscillate with a frequency de-

=cosy/2 andb=siny/2 [the coefficients presented in ex- & o :
pressiong7) and(8)]. In the next sections we show that even fined mostly by theH, part of the m_agr_1et|c field and their
effect is averaged to zero. The longitudinal component of the

at equal population and excitation of the ground spin sublev:

els, the induced magnetization is large and proportional t@yperfirle field is scattered c?ver the ra.nge defined by the
the valuea2b?. value 6H,=6.5 G. The repulsion energy is described by Eq.

The second anticrossing can be described within a twot6), where the termv/h=600 MHz is much larger than the

level approximatiori32]. Using the model of a fictitious spin - scattering of the diagonal contributiod|A/h|=18 MHz.
S=1/2, the effective Hamiltonian can be written as Therefore, the resultant scattering of the repulsion frequency

2

|2)=sin

where tany=V/A. According to the heuristic assumption
expressed if31], the additional change of magnetizatibh
near the anticrossing is proportional &’b?, where a
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B.41/2) @ H, 015= p128XP(=idY); 013= p18XP(—i w1t +ik- 2); 023
|3)=[+1/2)

=poeXp(—iwt+ik-2); k is the wave vector of the laser

beam, parallel to the axis of the crystalA ;= w3;— w, and

A>= w3~ w5 are the detuning parameters of the field com-
1 ponentsw, and w,, respectively;R,,, are relaxation terms
(n=1,2,3) describing the spontaneous decay of the excited
state, spin-lattice relaxation of the ground sublevels, etc. The
explicit expression for thé&,,, will be given in the section
where the steady-state solution is considered. The vdlues
andI'y, are the dephasing rates of the optical transition and
ground-state spin coherence, respectiveyz=adsE/%;
Bos=bd,sE/%; di3=d,3=d is the matrix elemenisupposed
o3(w2) o3(0) real) of the dipole transition from the states 1,2 to the state 3
(the optical transitiop E is the amplitude of the laser pump.
The coefficientsa=cosy/2 andb=siny/2 come from the
wave-function coefficientgsee Eqs(7) and(8)] for the tran-
sitions allowed because of level mixing. We suppose that
|2)=sin£|+1/2)+cos£|+3/2) bqth frequency. components .of the pump have thg same am-

2 2 plitude and their frequency differen€®= w,— w, coincides
|4A2,2> with the level repulsion frequency,; .
@ Similar equations were applied to treat the Raman hetero-
H,

dyne detection of nuclear magnetic resonance in solids
[40,41].

|1)=cos%|+1/2)—sin%|+3/2)
‘4A2 1> IV. DYNAMICAL EVOLUTION OF THE SYSTEM

First we consider the dynamical evolution of the system
FIG. 2. Bichromatic excitation of the anticrossed stdf#s,1)  on a time scale much shorter than any relaxation time. In this
and |*A;,2). Hy is an effective field seen by the spin 1/2 in the case, all decay terms can be omitted. Brewer and Hagh
excited stateE along thez axis.H, is the transverse component of have shown that the coherent two-photon processes in the
the external magnetic field that plays a dominant role at the levehree-level system could be described by Blochlike equations
crossing. (Bloch-vector modelin some pseudospace by introducing

. _new variables. We define also new variables
is reduced to the valudw,,/27=0.27 MHz. If the Rabi

frequency exceeds this value, then we can neglect the inho- Nyo= P11+ Poo, (16)
mogeneous broadening of the level repulsion frequency.
U= 011+ 021, (17
ll. MASTER EQUATIONS FOR THE SPIN e

POLARIZATION . .
V=—i(013=031) —i(023— 03, (18)

The excitation of the three-level system, shown in Fig. 2,
by two driving fieldsw; and w,, is described by the master which are, however, slightly different from those[B8]. We

equationg(see, for exampld,38—40Q) assume that the statgk) and|2) are equally populated and
_ the initial condition before switching on the laser beam is
p11=1(B13031— B31013) + Ry, (100 n1x(0)=1, p33(0)=u;(0)=V(0)=0. To simplify the cal-
culation, we take the casB;3=B,3=B corresponding to
P2y=1(B3s0 35— Bayoas) + Ry, (11  ¢=m/2. Then the Eqs(10)—(15) can be reduced to
p33= —1(B13031~ B31013) —1(B23oray— B3y023) + Raa, N1= U= — p3z=BY, (19
12)
V=2B(2p33—N1o~ Uz, (20

015=(iA1—T) 013+ B13(paz— p11) —iBooin, (13
. ) . ] where we neglect all relaxation terms and imply the resonant
023= (1A= T") 023t 1B23(p3z—p22) —iB1go21, (14 conditionA,=A,=0. The solution of Eqs(19) and (20) is

5’12:[i(w21_9)_rlv|]0'12+i(5130'32_ Bsz013), (15) ni(t)=1— % (1—cosyt), (21)

wherep,, are the density matrix elements; 1 and 2 are the
ground-state sublevels, the level 3 is the excited state; pas(t)=—u(t)= % (1—cosyt), (22
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= T 7 o~ ] I 4 can be shown easily that, if all three states are equally popu-
lated,p11(0) = p,5(0)= p33(0)=1/3, the spin coherence does
not appear since

Ny

Uo(t)= 7 [2p33(0) —N1(0)](1—cosxt) (24

S 7 v ' and the expression in square brackets equals zero at the im-
' posed condition.

the V. NONRESONANT EXCITATION

At liquid-helium temperature, thR,-line of ruby is inho-
mogeneously broadened with HWHM 3 GHz. Therefore
\Y% the laser beam excites the resonant as well as nonresonant
-1 Cr** ions. To estimate the net excited magnetization, we
’ ' ' have to calculate the spin coherence for (@isonant and
nonresonantspectral packets.
t (usec) The description of the dynamics of the nonresonant chro-

FIG. 3. The time dependences of the excited state populatioﬁm“'mf'mIpurmeS @1:&2 anﬁAZTO) IreqUIres adlarggr num-.
pa3(t) (dashed-dotted line of the sum of the population of the er o eements_o t e three-leve _System_ ensity mat_rlx.
levels 1 and 2,n;,(t) = pyi(t) + pat) (dashed ling of the spin Aside from combinations of the density matrix elements, in-

coherencal,(t) = ory5(t) + 0py(t) (thin solid line, and of the sum  troduced in Eqs(16)—(18), other components become non-
of the optical coherenceé(t) = —i(oys— oay) —i (025— 073) (bold ~ Z€ro. To describe them we define an extended set of the

solid ling). They are calculated for the initial conditiop,y(0)  Variables:
=U4(0)=V(0)=0 andn;,(0)=1, if the contribution of the relax-

ation terms is negligible and both components of the driving field U1a= 013t 031, (29
are in resonance, i.eA;=A,=0. The Rabi frequency is taken as
x/2=2 MHz. Time scale is in microseconds. Up3= 0231 032, (26)
2 v13= — (013~ 031, (27)
V(t)=— —-sinxt, (23 )
2 Uo3= — (023~ 03)), (28)
wherex=2\22B=2dE/# is a modified Rabi frequency for a V1= — (01— 0p1). (29)

two-quantum excitation. The time dependence of the func-

tions (21)—(23) is presented in Fig. 3. The coherence of theThe following equations now describe the three-level sys-
spin statesl;, appears and oscillates with the Rabi frequencytem, still without any relaxation process:

x. The value of this coherence is always negative, oscillating

between 0 and-1/2. The population of the excited statg; bu: Buis, (30
rises and oscillates between 0 and 1/2. It is worth mentioning _

that, in contrast to the two-level system, it is impossible to p2r=BUy3, (31)
transfer all the population of the ground state to the excited

state by pulse excitation. This means that conventional p3s=—B(v13+ V), (32)

m-pulse excitation is impossible for this kind of three-level
system. When the spin cohereneg reaches the extremum

—1/2, the optical coherenc¥ becomes zero, although its U12=Blv1atvzg = (817 A2)vrz 33
derivative takes a maximum value. At this poktchanges s

sign, so the process of the energy absorption by the three- v12= ~ B(U1g~Uzg) (A1~ A2) U2, (34
level system is changed into emission. The strong influence :

of the spin coherence on the absorption and emission pro- Uss= ~Aqv13t Bugy, (39)
cesses of the optical quanta is caused by the interference of )

the transition paths. This interference is positive and results Ups= —Apvp3— Buygy, (36)
in absorption if the coherence is absent. During the excita- )

tion, the spin coherence rises and makes the interference U13= AqUq3+ B(2p33—2p11—Uqo), (37
negative reducing the absorption. So, we get a new resistance

channel for the excitation of the multilevel system. i;23=A2u23+ B(2p33— 2p20— U1p). (39)

The rise of the coherence between the stit¢sand|2),
being equally populated before the pulse, appears due to th&/e do not consider a solution of the total set of E@9)—
transfer of the large population difference between thg38), because we are only interested in the evolution of the
ground-state spin sublevels and the optically excited state. Kpin coherences;, andv4,. To avoid tedious calculations,
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let us consider, for example, E(3). If the evolution of the  are not related to the;, component, the only variable that is
v 13 andv ,3 components is known antl; = A, (Q=w,,), the  not zero at=0, they do not rise during the laser excitation.
time dependence of the,, component can be calculated by This is the reason why the;, component remains zero.
taking the time integral.

As it is shown in[39], the evolution of the three-level V1. CALCULATION OF THE SPIN MAGNETIZATION

system, driven by a bichromatic field, can be described INDUCED BY LASER PUMPING
within the Bloch-vector model, if;=A,=A and the vari- ) )
ablesU, V andW are introduced, wher¥ is defined in Eq. The density matrix elements ny,=p11+p2,01,
(18) and the others are =prexp(=iQt), related to the ground states 1 and 2, are
defined within the basigl) and|2) [see Eqs(7) and (8)]
U=uq3t Uys, (39 where the ground-state Hamiltonian E§), is diagonal. One
can diagonalize this Hamiltonian by the unitary transforma-
1 tion
W= E(Zpaa_ Nip—Ug). (40) A
U=exp(iyS)) (50)
They form the Bloch-vector components, satisfying the.,responding to the rotation of the reference frame around
Bloch equations they axis by the angle
U=—AV, (42)
y=tan ! %). (51)
V=AU+ YW, (42 9zPH2

] In the case ofj,BH,=2D, we havey= /2. This means a
W=—yV. (43)  rotation overw/2 and the new components of the fictitious

The solution of the Bloch equations is well knousee, for spinS=1/2 are related to the former ones as follows:

example, Ref[1]). The components in which we are inter- ~5zf=~5x (52)
ested have the following time dependence: '
(O + v V() = - IO T >
V13 U3\l = T T i ~ ~
V2(A%+ ) 5,=5, (54)

where the initial conditionV(0)=—1/y2,V(0)=U(0)=0  \yherex’, y’, andz’ are the axes of the new reference frame.

is taken into account. Substitution of the valuét) [Eq.  After the transformation, the Hamiltonian E@), takes the
(44)] into Eq. (33) and evaluation of the time integral gives form

the result
Het=UHetd =0xBH, S, (55

t X2
ugp(t) = LBV( T)d7=— m[l—cos{ VAZ+ X)), whereH,, =H, is a magnetic field defined in the new refer-
X (45) ence frameX',y’,z’). The expectation values of the opera-
_ _ _ torsS,,, S,» and'S,, can be calculated directly by the ex-
According to this solution, the absolute value of the coherpression
enceu,, decreases with the increase of the detuning
It can be shown by straightforward algebra that, if (Seryr2)=Tr(Se yr 2P, (56)
p11(0)=po»(0) andA;=A,=A, thev,, component is still
zero during the excitation as well as the population differ-wherep is defined in the diagonal basis of the Hamiltonian
ence of the levels 1 and 2 and the difference of the othe(ss). If A;=A,=0 and the initial condition isp;,(0)

components defined in Eq&5)—(28), i.e., =p2A0)=1/2 andu;(0)=v1,(t) =0, one can find that
v1At)=0, (46) (S¢)= % uyy(t)cosQrt, (57)
p11(t) = p2o(t) =0, (47) )= Lupsint, (58
Ug3(t) —Up(t) =0, (48 -
(§)=0, (59
v13(t) —v25(1)=0. (49

where Q= w;— w, is the frequency difference of the two
At the previously mentioned conditions, these values satisfpptical driving fieldsw, and w,. Since the spin operators of
the independen(closed set of differential equations that do the fictitious spin in the reference framesx,y,z) and
not include other variables. Since the values, E48)—(49), (x',y’,z") are related by Eqg52)—(54), the corresponding
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expectation values are related in a similar way and the mag L5 T T T
netizationm(t), produced by an individual impurity, is

M(t) = —8,B(S(1)) = —9x8(S, (1)), (60) 1

Lixp

my(t) = —8B8(S, (1) = —8B(S, (1)), (62)

05~ .

m,(t) = —g,8(S,(1))=9,8(Su(1)). (62)

We study the process of magnetization creation in ruby at 0 ' ' ' L
liquid-helium temperature. Because tRg line in ruby is 0 02 04 06 08 1
inhomogeneously broadened at this temperature and it
HWHM is about 3 GHz, the laser beam excites only a small
fraction of the chromium impurities. Bichromatic excitation 15 T T T T
induces the magnetization of the mixed states oscillating at
the frequency differenc€) of the spectral components;

and w,. According to Eq.(45), the amplitude of the magne-
tization oscillates also at the Rabi frequen&y?+ y2. These ir T
frequencies are different for the different spectral packets.

Therefore, the pickup coil will see an average signal. We L0
assume thattE/h=1 MHz, so y/2w=2 MHz, which is a
reasonable valugll]. The latter is still three orders of mag-
nitude smaller than the inhomogeneous HWHM. As a result,

we have a large scattering of the modulation frequency

\/KTXZ. 0 | | 1 1
As was shown above, the coherengg is related to the 1 12 14 L6 18 2
average value€S, ), (S,/), and(S,) of the fictitious spirS t (usec)

(S=1/2). At exact crossing=m/2), we have only oscil FIG. 4. Time dependence of thext) function, Eq.(66). This

lation of the(S,/) and(S,,) components. The contribution fnction shows the evolution of the spin coherence, (), aver-

of an individual impurity to the signal, detected by the 5ged over inhomogeneous broadening of Ryeabsorption line.
pickup coil, differs in the modulation frequenfA?+ x? of  The functionL (yt) also represents the time evolution of the ampli-
the amplitude and has the same carrier frequécBelow,  tude of the net spin magnetization induced by the laser beam in the
we show that averaging over the inhomogeneous broadenirgample. The Rabi frequency is takeny@@w=2 MHz. Time scale
results in the decay of the modulation, although does nois in microseconds.

make the average amplitude zero. This is different from a

behavior of polarization induced by the resonant field in thewhere it is supposed that we excite the center of the inhomo-
ensemble of two-level particles with strong inhomogeneougjeneous line. This integral can be calculated exast, for
broadening. The transient oscillation and the net amplitudexample, Refs[42,43):

of polarization averaged over the scattering of the resonant

frequencies decay rapidly to zero after the switch on the -

field, which results from the averaging of the dynamical so- (U(t))a= —f(O)ZXL(Xt), (65
lution of the Bloch equations for the polarizatiph].

In our case, the average value of the spin coherence is o
where

(Ust))s= f A0, (63) L) f 3000 dx (66)
— 0 X = 0 !
0

wheref(A) is a distribution function of the optical transition

frequency caused by the crystal imperfectidithomoge- and Jo(X) is a zeroth-order Bessel functioh(xt) is pre-
neous broadeni[)wnd ulZ(Aat) is defined in Eq(45) Be- sented in Flg 4. One can find the analySiS of the function
cause HWHM off (A) is much larger thary, the integral is  L(xt) in Refs.[42-44. This function rises from 0 to 1

simplified as almost linearly for G= yt<1. The value 1 is reached #t
~1.108. Then the functioh(xt) oscillates slightly near the
2 4 > value 1 with a damped amplitude. Fgit—o we have
(Up(t))a= _f(O)X_f 1 CcosVATH XD dA, (64) L(xt)—1.Atthe same time, the average optical polarization
4)- A+ x? (v13(t) +vaa(t))a=(V(1))a [see Eq(44)] decays as
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3
* o
(vinys= | sV naa=—1(0) Txdox),
e \/§ W
(67)
since Jo(xt)—0 if yt—oo. The averaged spin coherence 2
(ui(t))x does not vanish with time because it is a time l e T W
integral of the optical coherend¢eee Eq.(45)]. 1 .
The pickup coil will detect the signal with the following
components: 4 w
_ T~ . FIG. 5. Energy diagram of the four-level system chosen to de-
My(H)= 8gX’BNVf(O)XL(Xt)SmQt’ (68) scribe cw excitation of ruby by a bichromatic field? andw are the

spontaneous decay rate of the excited state 3 and the spin-lattice
T relaxation rate of the ground-state spin sublevels, respectively. Thin
M, (t)=— ggz,BNVf(O)XL(Xt)COSQt, (69 arrows show the corresponding transitions induced by these pro-
cesses. Bold arrows show the bichromatic excitation by the laser
beam. The beam is split into two frequencies by the acousto-optic
fRodulator. The dashed line shows the induced coherence between
the states 1 and 2, decaying with the rhtg.

where the average over the inhomogeneous broadening
taken into accountN is the concentration of the chromium
particles in the sample andl is the volume of the laser-

particles interaction. These spin components do not decay to

zero asL(yt) tends to 1 whent— . Ras=~3Wpas, (73
Ras= —2Wpsa+W(p11t p2o) + Wpgs, (74)
VII. STEADY-STATE SOLUTION OF THE MASTER
EQUATIONS AND ANALYSIS OF THE DARK-STATE whereW is the decay rate of the excited sté8 andw is
POPULATION the rate of the spin-lattice relaxation. We do not consigder

process in the excited state since even though it is faster than

In the preyiogs section, the dynamical gvolution of thet e spontaneous emission, it does not change the process of
spin magnetization was calculated. The stationary value th%pe dark-state population. The spin-lattice relaxation in the

ittends is determlneq bY relaxation proc_esses. One_of them Igsround state is much slower than the spontaneous emission
the spontaneous emission from the excited staté2(E). It

. X " o from the excited stately>w). The latter inequality is sat-
can terminate in the ground statey anP|2> (o7 ando isfied well since the lifetime of the excited state is 3 msec,
transitiong, as well as in the state 1/2("A,) by emitting & \yhereas the spin-lattice relaxation time in the ground state is
linearly polarized photon. Also, spin-lattice interaction in- T1)spin= 95+ 15 msec for dilute ruby at liquid-helium tem-
duces relaxation transitions between ground-state spin subaratyre[9].

levels. When all these processes are taken into account, the o; resonant impuritiesA;=A,=0) at exact crossing
number of the independent variables necessary to descrit(?/: 712), the master equation is simplified as follows:
the system will increase. Therefore, if the spontaneous emis-

sion and spin-lattice relaxation involve other levels, the di- Uio= — T Uiot BV (75)
mension of our system increases and it cannot be described 12 MEL2 ’
within the three-level approximation. To simplify the prob-

lem, we lump all other ground-state sublevels by denoting V="2BUy— I'V=2Bn;,+ 4Bpgs, (76)
them as leve|4) (see Fig. 5. Of course, this is an approxi- .
mation. However, the result will not change qualitatively N12=BV—wnip+2Wpgs+2Wpyg, (77)
compared to the complete consideration. The advantage of _
this approximation is the possibility of deducing a clear con- paz= —BV—3Wpa3, (78
dition for the capture of the system in the dark state.

The four-level system, composed of the three-level one P aa=WN1o+ Wpaz— 2Wpas. (79

(Fig. 2 plus the level|4) (Fig. 5, which belongs to the
ground-state manifold, is described by the master equationss stationary solution is
(10—(15) and equation

— 2
p4a=Rag. (70 N12= Ty (80)
3+ ﬁA
For this model the relaxation ternk,, are
_ 1 _

R11= = 2Wp 11+ W(pao+ pas) + Wpss, (72) U=~ —F 5Nz, (81)

M M

1+ M

R22= —2Wpoo+W(p11+ pas) + Wpas, (72 R 3W
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whereR=2B?/T is a pump parameter and
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N 142 o Ty
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R 3 W
-06 | |

If R>T"y>W >w, the parameteA is small and the popu- L lo 100 1000
lation of the levels 1 and 2 becomes as small m|s FNV
~4w/W. This is a result of the selective pumping of the w

levels 1 and 2 and the interplay of the relaxation processes. . .
The spontaneous transition from the stf8} terminates in FIG. 6. The dependence of the stationary values of the spin
the levels|1), |2), and|4) and the excitation starts only Soherenceus (thin line) and the sum of the populations of the
from the levels|1),|2). Eventually all the particles will be evels 1 and 2y, (bold line), on the ratio of the spin coherence
accumulated in the levé#t), if the spontaneous decay)) decay rate and the spin-lattice relaxation rdtg,/w. The param-

is faster than the spin-lattice relaxation of the ground-stat&t€’s of the system ar&/2w=10 MHz, A,=4,=0, 2w
spin sublevels\(). The latter is responsible for recovering _(-/Tt)spin: ANdW=(1/T1)op;, Where (Ty)spin=100 msec and
the Boltzmann distribution in the ground-state sublevels. Thé ' Dopt=3 MSec.

coherenceiy, and the population of the excited stéBe also
become small as they are bound to the stitg¢sand|2) by

the laser excitation. . , We already know the dynamic evolution of the ground-
If we _ha_lve a motional narrowing effect _mduced by the giate spin coherendeee Eqs(22), (24), and(45)] as well as
strong driving field, the decay rate of the spin coherdige  the time dependence of the average magnetization, (E§s.
becomes as slow as the spin-lattice relaxationwaf€hen at - anq(68) and(69), at this stage. Also, we know the stationary
the conditions)V>w~I'y, and R>I'y, one can find the yaiue of the spin coherence, E@Y), at cw excitation. The
population trapping in the coherent superposition of thenetic stage of the coherence evolution is described by the
states|1) and|2). The A value becomes close to 1 and the master equation&5)—(79). We do not present the analytical
states|1),|2) remain populated in spite of the strong pump: sojution of these equations as it has a complicated form.

However, we can present two plots demonstrating how the

VIIl. KINETICS OF THE SPIN COHERENCE

_ 2 coherence of the resonant impurity reaches the stationary
N1~ ——F— (84)  value. Figure 7 shows the evolution of the low-frequency
34-_M coherenceu,(t) of the resonant impurity X;=A,=0) if

3w I'y=3w. The initial condition isn,,(0)=2/3, p33(0)=0,

andp.4(0)=1/3. At the first stage, one can find the decaying

According to our model of the four-level system, the mo-Rabi oscillations. Then, at the kinetic stage of the evolution,
tional narrowing effect will result in the relatiofi,,=w.  the valueu;(t) reaches a quasistationary, nonoscillating
However, this relation is not correct if the spin-lattice relax- State with a slowly growing module. The rate of the coher-

ation inducing the transitionam=+1 also engages the ence gr_owth IS proportlongl to the spoqtaneou; decaytate
. I The ultimate value to whichu,, tends is described by Eq.
transitions withAm=*2.

" . , (81). For this plot, we have taken the following parameters.
The level 3 is not appreciably populated according to EQrhe Rabj frequency ig/2m=2 MHz. The decay rates of the
(82). This becomes posilble_because of'the large ?Oh'eren%pulation areW=(1/T;)op and aw=(1/T;)spin, Where
of the ground-state levels,»~n,,, preventing the excitation (T1)opt=3 msec and Ty)spin= 100 msec, respectively. The
due to destructive interference. Figure 6 shows the depefalue of the spin coherence decRy; is taken such that it
dences of the values,;, andnj, on the ratiol'y, /w. If this  corresponds to the motional narrowing liniif—9]. As for
ratio is big, the states 1 and 2 are depopulated and the spthe optical coherence decay, we take the vallie
coherence becomes negligible. Population trapping in the=(1/T;),p, WhereT,=15 usec. This value corresponds to
dark state may serve as a good mark of the motional narrowthe nonperturbed dephasing time. To be consistent, we also
ing effect. Without the suppression of the ground spinhad to assume T()op— (T1)opt at the condition of the
dephasing, the trapping is impossible. strong excitation. However, we know that Rabi oscillations
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FIG. 7. The evolution of the spin coherengg(t) of the reso-
nant impurity A;=A,=0) for the motional narrowing limitI(y,
= %W). The Rabi frequency ig/27=2 MHz. The initial condition
is Ny5(0)=2/3, p33(0)=0, andp.4(0)=1/3. Other parameters are 0
the same as in Fig. 6. Time scale is in milliseconds.

decay fast due to the inhomogeneous broadening. The eval -0l
ation of the signal average over the inhomogeneous broa(1112 (t)

ening is quite tedious and takes appreciably long compute
time. Therefore, to simulate this process, we just kept the fas
decay of the optical coherence that extinguishes the Ral
oscillations. This procedure allows us to show the kinetic
stage of the evolution of the spin coherence. Otherwise i
would be hard to distinguish the latter from the Rabi oscil-

lations decaying with the low rate (1) o p- —04 1 1 L 1
Figure 8 shows the time evolution of the spin coherence ii 0 20 40 60 80 100

(T2)spinand (T;)opt are not affected by the driving field. The

coherence rises and decays on the time scale comparat t (usec)

with relevant dephasing rates. So, the population trapping FIG. 8. The evolution of the spin coherenagxt) of the reso-

depends strongly on the value of these decay rates. nant impurity (A, =A,=0) for the case when motional narrowing

does not occur. Decay rates of the optical coherence and spin co-

IX. CONCLUSION herence are taken aB=(1/T)op and I'y=(1/T,)spin, Where

(T2)opt=15 usec and Ty) spin= 7.5 usec. Other parameters are the

. same as in Fig. 7. The pléd) has the same time scale as in the plot
the crystal, may be decoupled from the environmeseigh- of Fig. 7. The plot(b) has a ten times shorter time scale to present

boring spins of the host lattice and next impuriliesspon-  1a details of the spin coherence evolution.

sible for the optical and spin coherence decay. If this process

takes place, bichromatic optical excitation together withthe driving field suppresses the decay of the spin coherence.
spontaneous emission are capable of creating and populatingthe magnetization decays with time even for a strong ex-
a particular superposition of the ground-state spin sublevelgitation, then it means that the decay rate of the spin coher-
that does not decay. Particles trapped in this superpositiosnce is faster than the spontaneous decay rate of the excited
state cannot absorb the optical quanta and get to the excitetlate. So, trapping in the dark state is a good test for the

state. Being in the superposition of the spin states, they prazoncept of the dephasing suppression by strong laser excita-
duce a flux variation of the magnetic field since the spintjon.

coherence oscillates with the frequency related to the energy
difference of the spin states. Spin precession can be detected
by a pickup coil. If the decoupling of the impurity with the  This work was supported by the IAP program, by the
environment does not take place, the bichromatic excitatiofFonds voor Wetenschappelijk Onderzoek Vlaanderen, by the
produces only the short-lived spin polarization oscillatingFonds National de la Recherche Scientifique Belgium, by the
with the frequency difference of the spectral components oBelgian Federal Office for Scientific, Technical and Cultural
the driving field. Therefore, if the experiment will show the Affairs, and by the Research Fund K.U. Leuven. Support by
persistent oscillating magnetization, one can conclude thadNTAS is also acknowledged.

Under strong coherent excitation, the impurity, residing in
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